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[1] The Meteorological Office C-130 aircraft performed a dedicated flight over the Etosha
Pan surface-based Aerosol Robotic Network (AERONET) Sun photometer site on 13
September 2000 during the Southern African Aerosol Regional Science Initiative
(SAFARI 2000) intensive measurement campaign. Aerosol optical depths at different
wavelengths, taerl, are derived from in situ measurements of the scattering and absorption
coefficients and from various radiometric measurements and compared to those derived
from the Sun photometer site. The estimates of taerl from the various measurements are
shown to be in good agreement. The exception to this is when taerl is derived from the
Passive Cavity Aerosol Spectrometer Probe (PCASP), as this method is shown to be
extremely sensitive to the pitch angle of the aircraft; therefore, taerl differs for profile
ascents and profile descents. However, the aerosol size distribution measured by the
PCASP and derived from the AERONET site are in excellent agreement over the 0.05–1.0
mm radius range, which contains the majority of the optically active particles. C-130-
derived refractive indices and single scattering albedos are also shown to be in excellent
agreement with those derived from the AERONET site. The consistency between in situ
and remotely sensed data suggests that, for aerosol well mixed in the vertical, data from
AERONET may be used with confidence in validating satellite measurements and
modeling studies of the radiative properties and effects of aerosols. INDEX TERMS: 0305

Atmospheric Composition and Structure: Aerosols and particles (0345, 4801); 0345 Atmospheric Composition
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1. Introduction

[2] Aerosols affect the radiative balance of the Earth/
atmosphere system via the direct effect whereby they scatter
and absorb solar and terrestrial radiation, and via the
indirect effect whereby they modify the microphysical
properties of clouds thereby affecting the radiative proper-
ties and lifetime of clouds. The direct radiative forcing due
to anthropogenic aerosols remains difficult to quantify
because of the extreme spatial variation of different aerosol
species, and because of uncertainties in their physical and
radiative properties [e.g., Ramaswamy et al., 2001; Hay-
wood and Boucher, 2000]. While aircraft measurements are
capable of providing high resolution in situ data, operating

costs mean that measurements of aerosol physical and
optical properties cannot be made on a routine basis.
Remote sensing of aerosol size distributions, radiative
properties, and optical depths by satellites and surface-based
instrumentation offer enhanced spatial and temporal sam-
pling compared with aircraft data. Thus using independently
derived aircraft data to check consistency between the
aerosol size distributions and optical depths derived from
satellites [e.g., Haywood et al., 2001a], and from surface-
based Sun photometer sites [e.g., Russell et al., 1999] is
highly desirable to improve confidence in both the remotely
sensed and aircraft measurements.
[3] This study presents data from a single flight in the

direct vicinity of the Etosha Pan Aerosol Robotic Network
(AERONET) site during the Southern African Regional
Science Initiative (SAFARI 2000) when the source of the
aerosol was predominantly biomass burning. It differs from
previous studies as the improved aerosol retrieval algorithm
of Dubovik and King [2000] is used, which allows determi-
nation of the size distributions, refractive indices and single

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. D13, 8471, doi:10.1029/2002JD002250, 2003

1Met Office, Bracknell, UK.
2National Aeronautics and Space Administration (NASA) Goddard

Space Flight Center, Greenbelt, Maryland, USA.

Copyright 2003 by the American Geophysical Union.
0148-0227/03/2002JD002250$09.00

SAF 7 - 1



scattering albedo from the spectral dependence of the aerosol
optical depth and the angular distribution of the scattered
radiances. Section 2 describes the equipment on the C-130,
and section 3 briefly describes the flight pattern that was
flown on the day of the comparison. Section 4 describes the
chemical composition derived from the flight and uses
internal mixing to compute the composite refractive indices
which are applied to the measured in situ size distributions to
derive the optical properties of the aerosol via Mie scattering
theory. Section 5 presents four different methods for estimat-
ing the aerosol optical depth at wavelengths l, taerl, and
section 6 presents estimates of taerl and the aerosol size
distribution derived from the AERONET site. A discussion
and conclusions are presented in section 7.

2. Instrumentation

[4] The C-130 was equipped with the standard instru-
mentation detailed by Johnson et al. [2001], the aerosol
instrumentation detailed by Haywood et al. [2003], and the
specialist radiation equipment discussed below.
[5] The aerosol instrumentation consisted of a Passive

Cavity Aerosol Spectrometer Probe (PCASP-100X) which
measures aerosol size distributions between 0.05 and 1.5 mm
radius. As detailed by Haywood et al. [2003], the Fast
Forward Scattering Spectrometer Probe (FFSSP) was not
functioning correctly for the duration of the campaign so
aerosol radii larger than 1.5 mm could not be measured.
Aerosol chemistry was determined from isokinetic sampling
onto filter substrates [Formenti, 2003]. Aerosol absorption of
radiation of wavelength 0.567 mm was measured with a
Radiance Research Particle Soot Absorption Photometer
(PSAP). Aerosol scattering was determined at three wave-
lengths (0.45, 0.55, and 0.70 mm) with a TSI 3563 nephel-
ometer. Corrections were applied to the data from the PSAP
to account for inaccuracies in the flow rate, area of exposure
of the filter, and absorption artifacts following the analysis of
Bond et al. [1999]. Corrections to the nephelometer to
account for variations from STP and for the truncation of
forward-scattered radiation were applied following the
results of Anderson and Ogren [1998] and Haywood and
Osborne [2000].
[6] The following radiation equipment was fitted to the

C-130. Upward and downward facing Eppley broadband
radiometers (BBRs) fitted with clear and red domes with aft
mounted obscurers which cover the 0.3–3.0 and 0.7–3.0
mm spectral regions respectively [Hignett et al., 1999;
Haywood et al., 2001a, 2001b]. The Meteorological Office
Scanning Airborne Filter Radiometer (SAFIRE) was
designed to measure radiances in 16 bands across the visible
and near-infrared region of the spectrum and was mounted
in a pod on the port wing of the C-130 [Francis et al.,
1999]. During the detachment, only seven of the channels
were operated providing radiances at 0.55, 0.62, 0.87, 1.04,
1.25, 1.61, and 2.01 mm. The measurements described here
are made with SAFIRE in the zenith viewing mode. An
additional instrument installed on the C-130 is the Short-
Wave Spectrometer (SWS) which uses two Carl Zeiss
spectrometer modules operating in the spectral range
0.30–0.95 and 0.95–1.70 mm. These are connected via
optic fibers to a simple light gathering telescope (half angle
0.75�) viewing through a downward pointing aperture

thereby providing a nadir view. The pixel separation is
approximately 0.0033 mm in the 0.30–0.95 mm module and
0.006 mm in the 0.95–1.70 mm module, giving approximate
spectral resolutions of 0.010 and 0.018 mm, respectively.

3. Meteorology and Flight Patterns

[7] The C-130 of the UK Met Office was based in
Windhoek, Namibia and performed two dedicated flights
over the Etosha AERONET site on 6 and 13 September
2000. However, variable amounts of cloud were present
during 6 September, so this analysis concentrates on data
from 13 September only.
[8] Figure 1 shows an 80 hour back-trajectory analysis

using the UK Met Office global and regional model winds.
The general cyclonic flow in the Southern African Gyre is
evident. Much of the most intense biomass burning is
concentrated in Zambia at this time of year and hence the
biomass is likely to have been generated over 24 hours
previously.
[9] The flight consisted of the following sections which

are shown schematically in Figure 2:
1. A stacked profile over the Etosha AERONET site,

which included six 5 min straight and level runs (SLRs) in
the aerosol layer down to the minimum permitted altitude
(MPA) with profile descents in between.
2. SLRs of 10 min duration performed at the MPA

orientated into-Sun and down-Sun.
3. A series of four orbits over the Etosha site at the MPA

where the aircraft was banked at an angle equal to the solar
zenith angle, q.
4. A profile ascent to above the aerosol layer.
5. A SLR above the aerosol layer.
[10] The MPA varied from approximately 330 m above

ground level (agl) when performing SLRs and 1000 m agl
when performing banked orbits. The stacked and continu-
ous profiles through the aerosol layer enable determination
of the aerosol size distributions via in situ sampling with the
PCASP probe and various methods may be used for
estimating taerl as described in section 5.

4. Aircraft-Derived Aerosol Chemical
Composition, Size Distributions, and Optical
Parameters

[11] Filters detecting optically active particles with radii
less than 0.65 mm were exposed for the duration of the
campaign. Chemical analysis [Formenti, 2003; Haywood et
al., 2003] suggests the campaign mean biomass aerosol
fractional mass fraction is approximately 70% organic
matter (OM), 25% inorganic matter, and 5% black carbon
(BC). Refractive indices for the aerosol are calculated
assuming that the only absorbing component is BC and
using the Maxwell–Garnet mixing rule which has been
shown to perform relatively well for internal mixtures
[Ch�ylek et al., 1988]. The composite refractive indices are
determined assuming a refractive index of BC of 1.75 �
0.44i at 0.55 mm [World Climate Program (WCP), 1986],
and a wavelength independent refractive index for the
remaining scattering component of 1.53 � 0i. A density
of BC of 1.7 g cm�3 which is similar to the 1.8 g cm�3

assumed by Reid and Hobbs [1998] and density of 1.35 g
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cm�3 is assumed for the composite aerosol [Reid and
Hobbs, 1998]. The resulting refractive index for the cam-
paign mean composite biomass aerosol is 1.54 � 0.018i at
0.55 mm [Haywood et al., 2003]. This campaign mean
refractive index is used in the calculations that follow,
although a single filter exposed during the stacked profile
descent suggests a BC mass fraction of approximately 7%
leading to a modeled refractive index of 1.54 � 0.025i. The

choice of the campaign mean refractive index of 1.54 �
0.018i is justified by independent measurements of wo

obtained from absorption and scattering measurements as
follows.
[12] The aerosol size distributions obtained from the

SLRs are shown in Figure 3, which shows that although
the aerosol size distributions are similar, the size distribu-
tions at higher altitude show a shallower slope in the

Figure 1. A Met Office 80 hour back-trajectory analysis showing the origin of the aerosol at the Etosha
Pan AERONET site on 13 September 2000 (marked with a star). The top panel represents the horizontal
back-trajectory analysis and the lower panel the vertical position of the air mass. The squares on the upper
panel show the positions of the air mass at 0000 UTC on each day.
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optically active 0.1–0.5 mm radii region. It is possible that
some of the variation in the size distributions is due to
particle swelling, as the relative humidity is largest at high
altitudes. However, Kotchenruther and Hobbs [1998] sug-
gest that the hygroscopic growth for biomass aerosol is
much reduced when compared to industrial aerosol, and
generally insignificant for relative humidities less than 50%.
Table 1 shows that five out of six of the run mean relative
humidities are less than 50%. The optical parameters at 0.55
mm were calculated for each of the size distributions shown
in Figure 3 using Mie scattering theory and a refractive
index of 1.54 � 0.018i. The results are shown in Table 1.
wol=0.55mm ranges from 0.90 to 0.88 with a mean of 0.89.
Independent measurements of the scattering and absorption
coefficients made with the nephelometer and PSAP indicate
a wol=0.55mm in the range 0.83–0.95 with a mean of 0.89.
Thus, the calculations presented here use the campaign
average refractive index of 1.54 � 0.018i as this refractive
index is in agreement with the independent measurements
of the scattering and absorption coefficients.

5. Aircraft Derivation of Aerosol Optical Depth

[13] taerl, may be derived from C-130 measurements in
five different ways:
1. Measuring the scattering and absorption coefficient

using the nephelometer and PSAP and integrating the
measurements over height during the profile descent and
profile ascent (section 5.1).
2. Measuring the aerosol size distribution using the

PCASP and using Mie theory combined with suitable
refractive indices to determine the aerosol extinction and

integrating the measurements over height during the profile
descent and profile ascent (section 5.2).
3. Measuring the direct and diffuse component of the

downwelling irradiance from the low-level SLRs with the
BBRs and modeling the irradiance in the absence of
aerosols (section 5.3) [e.g., Hignett et al., 1999].
4. Measuring the radiance as a function of scattering

angle and modeling the aerosol optical parameters and
loading necessary to best fit the observations (section 5.4)
[Francis et al., 1999].

Figure 2. Schematic diagram of the flight pattern performed by the C-130 over the Etosha AERONET
site on 13 September 2000. Consisting of (1) stacked profile descent, (2) into-Sun and down-Sun SLRs,
(3) a series of four orbits, (4) profile ascent, and (5) SLR above the aerosol layer.

Figure 3. The aerosol size distributions measured by the
PCASP-100X during the stacked profile descent shown in
Figure 2.
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5. Measuring the magnitude and spectral dependence of
the upwelling radiance from above the aerosol and
modeling the aerosol optical parameters and loading to best
fit the measurements (section 5.5).

5.1. TaerL by Integrating SscaL and SabsL From
Nephelometer and PSAP

[14] The nephelometer scattering coefficients, sscal,
measured during the stacked profile descent and ascent,
were added to the PSAP absorption coefficients, sabsl, to
determine the extinction coefficients, sextl, as a function of
altitude (Figure 4). sabsl is only measured directly at 0.55
mm, so the simple assumption that sabsl is inversely depend-
ent on the wavelength is used to estimate sabsl=0.45 and
sabsl=0.70 [Haywood et al., 2003]. Aerosol extinction below
the minimum altitude of the aircraft contributes significantly
to the total aerosol extinction and is estimated by simple
linear extrapolation.
[15] taerl was then calculated by vertically integrating the

extinction coefficient:

taerl ¼
Z z

0

sextldz ð1Þ

[16] The results from the profile ascent and profile
descent are very similar (Table 2) and suggest taerl=0.45 =
0.73–0.76, taerl=0.55 = 0.53–0.55, and taerl=0.70 = 0.32–
0.34, the higher value in each case representing the profile
ascent and the lower value representing the profile descent.
[17] These optical depths apply to dry biomass aerosol as

the nephelometer dries the aerosol on collection with
nephelometer relative humidities not exceeding 10% during
the profile ascent, while ambient relative humidities reach a
maximum of approximately 56%. Application of the range
of parameterizations derived by Kotchenruther and Hobbs
[1998] for biomass aerosol in Brazil increases taerl=0.55 by
a maximum of less than 2%, indicating that neglect of the
effects of relative humidity is justified.

5.2. TaerL by Integrating SextL Derived From the
PCASP Size Distribution

[18] sextl=0.55 was also derived as a function of altitude
from the mean measured PCASP size distribution and the
measured PCASP number concentration. A single aerosol
size distribution represented by the mean optical parameters
shown in Table 1 was assumed in the calculations. The
crosses shown in Figure 4 represent sextl=0.55 from the
profile descent and ascent. taerl is then derived using (1).
taerl may be derived as a function of wavelength by scaling

sext derived from the PCASP size distributions using Mie
scattering theory and are summarized in Table 2.
[19] During the profile ascent (Figure 4b), sextl=0.55

derived from the PCASP is significantly lower than that

Table 1. The Run Mean Optical Properties of Biomass Burning Aerosols at 0.55 mma

Run Number,
Pressure, Altitude Time (UTC) Mean RH (%) wo(l = 0.44, 0.55, 0.67, 0.87, 1.02 mm) g ke (m

2 g�1)

R2, 573 hPa, 3420 m 0718:24–0723:25 68.03.2 0.91, 0.90, 0.88, 0.86, 0.84 0.60 4.16
R3, 621 hPa, 2800 m 0728:54–0733:55 47.60.6 0.91, 0.90, 0.88, 0.86, 0.83 0.58 4.07
R4, 670 hPa, 2200 m 0739:49–0745:50 33.70.4 0.90, 0.89, 0.87, 0.84, 0.81 0.57 3.63
R5, 725 hPa, 1580 m 0751:30–0756:30 26.00.6 0.90, 0.89, 0.87, 0.84, 0.81 0.56 3.60
R6, 785 hPa, 930 m 0801:38–0806:42 21.43.5 0.90, 0.89, 0.86, 0.84, 0.81 0.55 3.60
R7, 846 hPa, 330 m 0811:45–0817:38 19.61.4 0.90, 0.88, 0.86, 0.83, 0.80 0.53 3.31
Mean used in calculations 0.90, 0.89, 0.87, 0.85, 0.82 0.57 3.83

aThe optical parameters derived from the PCASP probe assume a wavelength-dependent real refractive index similar to the study of Yamasoe
et al. [1998] (1.54 at 0.55 mm) together with a wavelength-independent imaginary refractive index of 0.018i at 0.55 mm and a density of 1.35 g
cm�3. The specific extinction coefficient refers to the submicron mass. wo at a wavelength of 0.55 mm is shown in bold and wo is shown at other
wavelengths for comparison against those derived from the Sun photometers. The mean aerosol optical parameters are also shown.

Figure 4. Profiles of sext (m�1) derived from the
nephelometer and PCASP. (a) Derived from the stacked
profile descent and (b) derived from the profile ascent.
wol=0.45=0.90,wol=0.55 = 0.89, and wol=0.70 = 0.87 as derived
from measurements with the nephelometer and PSAP during
the stacked profile descent are applied to the nephelometer
scattering to determine the extinction coefficient. The vertical
lines on sext represent the standard deviation in 60 s of
nephelometer data. The crosses represent the aerosol ex-
tinction coefficient at 0.55 mm derived from the PCASP
number concentration. The stars on (a) represent the mean
PCASP-derived sext and are clearly reduced compared to
those from the profile descent.
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derived from the nephelometer and PSAP as evidenced by the
crosses lying well to the left of the middle line which
represents sextl=0.55 derived from the nephelometer and
PSAP. As a result, taerl=0.55 calculated from the profile
ascent (P2) is calculated to be 0.38 which is significantly
lower than taerl=0.55 = 0.55 derived from the nephelometer
and PSAP (section 5.1 and Table 2). While the agreement is
improved during the profile ascent with estimates from the
PCASP leading to taerl=0.55 = 0.46 compared to taerl=0.55 =
0.53 from the nephelometer and PSAP, there is additional
evidence of discrepancies between the profile descent and the
SLRs. This is evidenced by the stars lying to the left of the
crosses in Figure 4a. These results suggest that the PCASP
aerosol number concentration is being affected by differences
in the pitch angle of the aircraft which affects the flow around
the aircraft disrupting the isokinetic sampling of the wing
mounted PCASP. The mean pitch of the aircraft during the
profile descent, SLRs and profile ascent was 3.4� (SD 0.5�),
4.8� (SD 0.4�), and 5.8� (SD 0.8�). That these small differ-
ences in pitch angle of the aircraft may affect the performance
of the PCASP to such an extent is indicative of the difficulties
in making in situ aircraft measurements of aerosols.

5.3. TaerL by Measuring the Direct and Diffuse
Components of the Downwelling Irradiance

[20] taerl=0.3–0.7 and taerl=0.7–3.0 may be estimated from
the direct and diffuse downwelling irradiances measured by
the BBRs using the method of Hignett et al. [1999]. The
basis of this method is that a down-Sun and into-Sun SLR
are performed at low level. Specially constructed aft-
mounted obscurers shade the clear and red-domed BBRs
from direct solar radiation on the down-Sun leg; therefore
essentially only the diffuse component of the radiation is
measured (subsequent to a correction for radiation scattered
in the forward direction that is blocked by the obscurers).
This enables derivation of the measured direct irradiance in
the presence of aerosols, Sflxaerl. Model calculations with
the Edwards and Slingo [1996] radiation code using the
Eddington solver provide estimates of the direct irradiance
without aerosols Sflxno aerl. The aerosol optical depth may
then be estimated using the equation [Haywood et al.,
2001b]:

taerl ¼ ln
Sf lxno aerl

Sf lxaer l

� �
cos q ð2Þ

[21] taerl=0.3–0.7 above the aircraft was found to be 0.44
while taerl= 0.7–3.0 was found to be 0.15. The mean altitude

of the C-130 during the down-Sun and into-Sun runs was
380 m (SD 35 m). Examination of the nephelometer
scattering profiles shown in Figure 4 suggests that 5–8%
of the aerosol optical depth is below the altitude of the
aircraft leading to an estimated taerl=0.3–0.7 of 0.47 and a
taerl=0.7–3.0 of 0.16. As in section 5.2, the size distributions
shown in Figure 3 are combined to obtain a single aerosol
size distribution, which represents the mean optical proper-
ties of the aerosol in the atmospheric column (Table 1).
taerl at different wavelengths may then be estimated by
matching the measured and modeled Sflxaerl=0.3 –0.7 by
adjusting the aerosol loading in a four-stream version of
the Edwards and Slingo [1996] radiation code. This code
was configured to include Rayleigh scattering, absorption
by water vapor, carbon dioxide, ozone, and oxygen, the
water vapor continuum, and aerosol. Vertical profiles of
ozone, water vapor and aerosol are included from the
aircraft measurements, while climatological values are used
for ozone and oxygen. The resulting aerosol optical depths
at different wavelengths are shown in Table 2.

5.4. TaerL by Measuring the Spectral Distribution
of the Downwelling Radiance as a Function of
Scattering Angle

[22] The C-130 performed a series of 4 orbits at approx-
imately 1000 m agl banked at an angle approximately equal
to the solar zenith angle, q, as described by Francis et al.
[1999]. The radiance was measured for a range of scattering
angles from 0� to 2q� using the SAFIRE instrument (section
2). A single aerosol size distribution was determined from the
runs performed above 1000 m agl (R2–R6). The aerosol size
distributions from each of the runs was weighted by the
approximate contribution to the total aerosol optical depth. A
new radiance version of the radiation code developed by
Edwards and Slingo [1996] was used to model the spectral
radiances in the discrete SAFIRE wavelengths. The radiance
code was configured to included the radiative components
described in section 5.3. The aerosol phase function was
represented by 201 moments of the Mie scattering phase
function. The vertical profile of aerosol extinction was fixed
to be the same as that shown in Figure 4b. The aerosol
extinction was scaled keeping the vertical profile fixed so
that the measured radiances agree best with the modeled
radiances providing the best estimate of taerl. Figures 5a and
5b correspond to modeled radiances excluding aerosol and
modeled radiances including the aerosol. The range of
scattering angles considered is limited to scattering angles

Table 2. taerl Derived Using the Different Methods Described in the Text for Various Different Wavelengths

Wavelength
(mm)

Section 5.1 Section 5.2 Section 5.3 Section 5.4 Section 5.5 Section 6.1

taer PSAP and
Nephelometer P1
(Descending)

taer PSAP and
Nephelometer P2

(Ascending)

taer
PCASP P1
(Descending)

taer
PCASP P2
(Ascending)

taer
Low-Level

SLRs
taer
Orbits

taer
High-Level

SLRs
taer

(AERONET)

0.34 0.98 0.78 0.89 1.10 0.98 1.00 ± 0.02
0.38 0.83 0.67 0.76 0.95 0.83 0.88 ± 0.02
0.44 0.67 0.54 0.61 0.76 0.67 0.71 ± 0.01
0.45 0.73 0.76 0.64 0.52 0.59 0.73 0.64 0.69
0.50 0.54 0.43 0.49 0.61 0.54 0.59 ± 0.01
0.55 0.53 0.55 0.46 0.37 0.42 0.52 0.46 0.50
0.67 0.26 0.25 0.30 0.37 0.26 0.35 ± 0.01
0.70 0.32 0.34 0.30 0.24 0.27 0.34 0.30 0.32
0.87 0.22 0.18 0.19 0.24 0.22 0.21 ± 0.01
1.02 0.17 0.14 0.15 0.19 0.17 0.16 ± 0.01
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greater than 10� owing to SAFIRE calibration limitations
when observing a wide range of radiances; the SAFIRE
radiances are unreliable when the instrument is pointed
directly towards the Sun. The filled symbols show the
measured SAFIRE radiances and the solid lines show the
model radiances. It is immediately apparent that the meas-
ured radiances cannot be modeled if aerosol is excluded
from the calculations. Both the absolute magnitude and the
slope of the radiances are poorly represented when aerosol is
not accounted for. Inclusion of aerosol with taerl=0.55 = 0.52
leads to very much improved agreement in both the absolute
magnitude and the slope of the radiances. The agreement is
particularly good for the shorter wavelengths (0.55–1.25
mm), while some more significant differences occur at longer
wavelengths (1.61–2.01 mm). This may be understood by
considering that the maximum aerosol Mie scattering effi-
ciency occurs when the particle radius is approximately
equal to the wavelength of the incident radiation. The
PCASP only detects particles up to 1.5 mm radius, and
therefore does not detect those particles that have most

influence on the scattered radiance at 1.61 and 2.01 mm.
taerl for the SAFIRE wavelengths and the wavelengths of
the AERONET Sun photometers and nephelometer are
shown in Table 2.
[23] Figure 5c shows modeled radiances when taerl=0.55 =

0.37. These calculations were performed because this taerl
is representative of that derived from the PCASP during the
profile ascent. Significant differences exist between the
measured and modeled radiances in this case, and are
suggestive that the PCASP does not perform well during
profile ascent owing to the pitch of the aircraft influencing
the flow around the PCASP. During profile descent, when
the pitch of the aircraft is reduced, the PCASP gives
estimates of taerl that are more consistent with the radio-
metric measurements.

5.5. TaerL by Measuring the Magnitude and Spectral
Distribution of the Upwelling Radiance

[24] While Haywood et al. [2001a, 2001b] estimated
taerl from upwelling irradiances measured by the BBRs

Figure 5. The radiance as a function of the scattering angle for the seven different wavelengths
measured by the SAFIRE instrument. The symbols show the measurements and are identical on each of
the four panels. The lines show the model calculated radiances for (a) no aerosol, (b) aerosol derived from
the PCASP size distribution with taerl=0.55 = 0.52, (c) aerosol derived from the PCASP size distribution
with taerl=0.55 = 0.37, and (d) aerosol derived from the AERONET size distribution at 0709 UTC with
taerl=0.55 = 0.52. In each case, the solid line showing the highest model radiance is the shortest
wavelength, and the line showing the smallest model radiance is the longest wavelength.
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over ocean, taerl cannot be readily estimated by this method
in this study due to variability of the surface reflectance.
Here, the SWS instrument is used in place of the BBRs to
estimate the spectral dependence and magnitude of the
surface reflectance, from the low-level runs, and this is
used in modeling the upwelling radiance for the high-level
SLR.
[25] The mean measured nadir view radiance at low level

from the into-Sun SLR is modeled using the Edwards and
Slingo [1996] radiation code by adjusting the spectral
dependence of the Lambertian surface reflectance, Rs, until
the measured and modeled radiances agree. The vertical
profile of aerosol is included from the aircraft measure-
ments. The magnitude of the aerosol concentration is then
adjusted so that the best agreement is found between the
measured and modeled nadir view radiance during the high-
level SLR. This method involves a degree of iteration:
1. Guess the aerosol mass loading
2. Guess the surface reflectance
3. Calculate the upwelling radiance at low level
4. Compare the results from 3 against the measurements
5. Adjust the surface reflectance so that the upwelling

radiances at low level agree
6. Calculate the upwelling radiance for high-level SLR
7. Compare the modeled upwelling radiance at high level

to that measured
8. Adjust the aerosol optical depth
9. Use the new Rs and taerl in steps 3–7.

Implicit within these calculations is the assumption that Rs

during the low-level SLR and the high-level SLR are
identical. While efforts were made to ensure that the type
of surface overflown during the two runs was similar, exact
colocation of the two SLRs was not possible. In any case,
even if precisely the same track were flown, the footprint of
SWS instrument during the high-level SLR is calculated to
be approximately 18 times that during the low-level SLR.
An additional assumption is that the surface may be
modeled using a Lambertian reflector and that the nature
of the Bidirectional Reflection Distribution Function
(BRDF) is such that the reflected zenith radiance does not
change significantly between the low-level SLR (q = 40.6�),
and the high-level SLR (q = 31.0�).
[26] Figure 6 shows the measured spectral radiances and

the variability in the measurements for the wavelength range
0.4–0.7 mm for the high-level SLR. The variability is
clearly evident and is mainly due to the variable nature of
Rs. Also shown are calculations excluding and including
aerosol for taerl=0.55 of 0.37 and 0.5 which approximately
represent the minimum and maximum derived from the
techniques detailed in sections 5.1, 5.2, and 5.3. The
radiances excluding aerosol are different for the following
reason. The Rs needed to match the upward radiances of the
low-level SLR differ because the taerl applied to the model
affects the downwelling radiation at the surface. Thus, it is
the different Rs that cause the difference in the upwelling
radiance when aerosol is excluded.
[27] It can clearly be seen that neither of the model

calculations excluding aerosol represents the measured
radiance for wavelengths less than 0.6 mm. At longer
wavelengths all of the simulations are within the measure-
ments ±1 standard deviation. It can also be seen that
taerl=0.55 = 0.50 is clearly an improvement compared to

taerl=0.55 = 0.37. The radiances for taerl=0.55 = 0.50 are
generally within the envelope of radiances described by the
measurements ±1 standard deviation. The radiances for
taerl=0.55 = 0.37 only start to fall within the measurements
±1 standard deviation when the wavelengths exceed 0.6 mm,
where all of the simulations give reasonable agreement with
the measurements whether or not aerosol is included in the
calculations. taerl=0.55 that best matches the measurements
is approximately 0.46, although this value leads to some
significant differences (to 1 standard deviation) in the
modeled and measured radiances at wavelengths less than
0.47 mm.
[28] It is interesting to note that the modeled radiance

excluding aerosols is higher than including aerosols for
wavelengths exceeding approximately 0.6 mm regardless of
the aerosol optical depth. These calculations also suggest
that the radiative forcing switches sign from negative to
positive (i.e., that the effect of the aerosol on the planetary
albedo changes from an increase to a reduction) for wave-
lengths exceeding approximately 0.6 mm. This is because
the surface reflectance increases as a function of wavelength
by over a factor of 4 in the wavelength range 0.4–0.7 mm
while wo decreases from 0.91 to 0.87. Such a swap-over
between positive and negative radiative effect is well
documented for partially absorbing aerosols above reflec-
tive surfaces for both irradiances [e.g., Haywood and Shine,
1995; Boucher et al., 1998], and radiances [Fraser and
Kaufman, 1985] and has recently been used to deduce wo

for dust aerosol [Kaufman et al., 2001].

6. AERONET-Derived Optical Depths, Size
Distributions, and Optical Parameters

[29] The details of the Sun photometer operating princi-
ples and network are described by Holben et al. [1998]. The
CIMEL Sun and sky scanning spectral radiometer used at
the Etosha AERONET site is a two detector eight channel
(0.34, 0.38, 0.44, 0.50, 0.675, 0.87, 0.94, and 1.02 mm)
radiometer designed to measure direct solar and sky radi-
ances with a field of view of approximately 1.2�. Direct
solar radiances are measured approximately every 15 min
between morning and afternoon and converted to taerl
according to algorithms, reference calibrations and correc-
tions discussed by Holben et al. [1998] and the cloud
screening algorithm of Smirnov et al. [2000]. After reproc-
essing using pre and post field calibrations the estimated
accuracy in taerl is 0.01–0.02. Sky radiance scans are made
in 0.5� increments through the aureole up to 30� in the back-
scattered direction in both the principle plane and almucan-
tar directions. The radiances have an estimated absolute
accuracy of 3–5%. These observations are made hourly and
use taerl and the Dubovik and King [2000] inversion to
derive particle size distributions, complex index of refrac-
tion and single scattering albedo within the accuracy limits
defined by Dubovik et al. [2000].

6.1. TaerL From AERONET

[30] taerl derived from the Sun photometer site are
analyzed for the period 0707–0952 UTC which is coinci-
dent with the aircraft observations. Eight separate observa-
tions are available in this time period each consisting of
taerl measured at seven different wavelengths from 0.34 to
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1.02 mm. The data investigated here (available from the Web
site http://aeronet.gsfc.nasa.gov) are prefield and postfield
campaign calibrated, and have undergone automatic cloud
clearing. Table 2 shows that taerl shows very little variation
during this time period, the variability in taerl shown in
Table 2 being 1 standard deviation. taerl does not vary a
great deal even outside the period of operation of the C-130
aircraft as evidenced by taerl=0.50 = 0.61 (SD 0.03, n = 43)
for the full day of measurements.
[31] taerl from the Sun photometers are generally in

reasonable agreement with those determined from the radio-
metric measurements detailed in sections 5.3, 5.4, and 5.5
and somewhat higher than those derived from measuring the
in situ scattering and absorption or PCASP number con-
centrations of the aerosol particles (sections 5.1 and 5.2).
The best agreement comes from the comparisons against the
measurements of the spectral radiance as a function of
scattering angle made by the aircraft (section 5.4).

6.2. Aerosol Size Distribution From AERONET

[32] The retrieval algorithm of Dubovik and King [2000]
derives the aerosol size distribution from measurements of
the spectral optical depth and scattered radiance as a
function of scattering angle to retrieve the aerosol size
distribution and complex refractive index. The single scat-
tering albedo is then determined from the size distribution
and the refractive indices. The measurements presented here
are obtained from the six quality controlled size distribu-
tions available from the Web site (http://aeronet.gsfc.nasa.
gov) for 13 September 2000 for the Etosha Pan. The
retrievals are available for 0601, 0623, 0709, 1440, 1526,
and 1547 UTC: no retrievals are available closer to local
noon as the inversion is only performed when q > 45� to
maximize the range of scattering angles at which radiances

are measured. We focus our attention on the retrieval at
0709 UTC as this should be most directly comparable with
the size distributions derived from the PCASP, and on the
mean size distribution from the size retrievals to get some
idea of the degree of natural daily variability.
[33] Figure 7 shows the size distribution derived from the

inversion algorithm at 0709 UTC plotted as dV/dlnr. The
thick vertical bars represent dV/dlnr ± error estimate accord-
ing to the linear approximation of Dubovik et al. [2000].
The shaded gray envelope represents the mean size distri-
bution from the six retrievals ±1 standard deviation and is
indicative of the daily natural variability. The daily varia-
bility is a larger cause of uncertainty than the estimated error
in the size distribution from 0709 UTC. Two different size
distributions are shown from the PCASP size distribution.
The solid line and the thin vertical bars in Figure 7 is the
size distribution derived from the mean PCASP size dis-
tribution that is used in the orbit calculations described in
section 5. The dotted line shows the PCASP size distribu-
tion when a correction is made for the difference in the
refractive index between the PCASP calibration latex
spheres (1.585 � 0i at the laser wavelength of 0.635 mm).
This correction is based on that presented by Haywood et al.
[2003, Table 1], which assume a refractive index of 1.54 �
0.018i at 0.635 mm. The exception is for the last two bins of
the PCASP size distribution which are represented by a
refractive index of mineral dust (1.54 � 0.008i at 0.635 mm)
[WCP, 1986], which is more representative the supermicron
aerosol chemistry determined by Formenti [2003]. The two
size distributions from the PCASP show relatively little
difference in the 0.05–0.5 mm size range, but differences
become more apparent at larger particle sizes. The size
distributions determined from the Sun photometer retrieval
algorithm and the in situ measurements are entirely con-
sistent with each other over the radius range 0.05–1.0 mm
given the variability/error estimates in the measurements.
For radii larger than 1.0 mm, the disagreement between two
size distributions increases. Haywood et al. [2003] showed
that the PCASP-100X sizing of supermicron particles
becomes more uncertain due to different scattering
responses to ambient aerosol and calibration sphere refrac-
tive indices. The retrievals by the Sun photometer are also
likely to become less accurate for larger particles [Dubovik
et al., 2000] because the radiance measurements are per-
formed up to a maximum wavelength of 1.02 mm. The
maximum Mie scattering efficiency occurs when the particle
radius is similar to the wavelength of the incident radiation.
Therefore, particles of 10 mm radius affect the 1.02 mm
scattered radiance to a lesser extent than particles of 1 mm
radius. Dubovik et al. [2000] estimated that the errors in dV/
dlnr do not exceed 10% at the peak of the aerosol size
distribution but may reach 35% at the extremes of the size
range 0.1–7 mm. Outside these ranges, the errors will
increase significantly because of the low sensitivity of the
radiances at the measured wavelengths to particles of these
sizes.
[34] The effect of using the AERONET-derived size

distribution from 0709 UTC in place of the PCASP-derived
size distribution is investigated by performing model cal-
culations to determine the distribution of the downwelling
scattered radiance as a function of scattering angle as in
section 5.4. The results are shown in Figure 5d and reveal a

Figure 6. Spectral measurements of the upwelling zenith
radiance (nadir view) from the high-level SLR detailed in
the text. The dashed lines represent the modeled upwelling
radiance without aerosols and differ because different
aerosol mass loadings are assumed in deriving the model
surface reflectances (see text). The solid lines represent the
modeled upwelling radiances for taerl=0.55 of 0.37 and 0.50.
The agreement between the model and the measurements is
clearly better for taerl=0.55 of 0.50 than for taerl=0.55 of
0.37.
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good agreement with the measurements. The 1.61 mm
radiance at scattering angles between 10� and 35� appears
to be better represented by the AERONET size distribution
that the in situ PCASP size distribution. The shape of the
2.01 mm radiance also appears to be better represented by
the AERONET size distribution. In addition, at small
scattering angles close to 10� the stronger peaking of the
radiances is better represented by the AERONET size
distribution. These differences are due to the in situ PCASP
measurements having a maximum detection radius of �1.5
mm. As noted before, the FSSP probe that measures particles
in the radius range 1–23 mm was not functioning properly
during the SAFARI 2000 measurement campaign.

6.3. Refractive Index and Wo From AERONET

[35] The real (re) and imaginary (im) part of the refractive
indices and the single scattering albedo from theDubovik and
King [2000] retrievals may also be compared against the C-
130 measurements. In the C-130 measurement-based calcu-
lations, re is 1.53, 1.55, 1.59, and 1.58 at wavelengths of 0.44,
0.67, 0.87, and 1.02 mm, and im is 0.018i over all these
wavelengths (section 4). re from the Dubovik and King
[2000] retrievals is 1.51, 1.54, 1.56, and 1.58 at correspond-
ing wavelengths which is entirely consistent with the C-130
measurements/modeling assumptions given that the varia-
bility (1 standard deviation) in the Dubovik and King [2000]
retrieved re is typically 0.05 and the errors quoted byDubovik
et al. [2000] are approximately ±0.04. im from the Dubovik
and King [2000] retrieval is 0.020i, 0.016i, 0.016i, and 0.016i
at wavelengths of 0.44, 0.67, 0.87, and 1.02 mm. This is
entirely consistent with the assumption of a wavelength
independent im of 0.018i for the C-130 measurements/
modeling given that the variability during the day (1 standard

deviation) in the Dubovik and King [2000] derived im is
0.002 and the errors quoted byDubovik et al. [2000] are 30%.
[36] The mean wo from the Dubovik and King [2000]

retrieval during the day is 0.88, 0.87, 0.84, and 0.82 at
wavelengths of 0.44, 0.67, 0.87, and 1.02 mm. The corre-
sponding wo for the mean size distribution used in the
calculations derived from the PCASP distributions and from
the nephelometer and PSAP on the C-130 is 0.90, 0.87,
0.85, and 0.82 (Table 1). These values for wo are entirely
consistent with those derived from the Dubovik and King
[2000] retrieval if one considers the variability (1 standard
deviation) in the retrievals during the day is typically 0.01
and the errors quoted by Dubovik et al. [2000] are typically
±0.03.

7. Discussion and Conclusions

[37] The optical depths derived from the various different
aircraft measurement techniques yields taerl=0.55 in the
range 0.37–0.55. The smallest taerl=0.55 is obtained from
integrating sext derived from the PCASP. taerl=0.55 obtained
by integrating sext from the PCASP differs depending on
whether the aircraft is performing a profile ascent or a
profile descent. Thus, it appears that the PCASP number
concentration is significantly affected by changes in the
pitch of the aircraft by as little as 2.5�. Given the number of
independent measurements suggesting a taerl=0.55 of
approximately 0.50, it is likely that the PCASP number
concentration is more accurate while in profile descent
which is reasonable as the pitch of the aircraft is smallest.
Whatever the cause of this inconsistency, the problems of
making in situ aircraft measurements of aerosols are clearly
demonstrated.

Figure 7. The size distribution derived from the PCASP-100X (black line, with thin vertical lines
representing 1 standard deviation in the measurements from the different SLRs). The dotted line
represents the PCASP size distribution when differences in the refractive index between the latex
calibration spheres and the aerosol are accounted for (see text). The shaded envelope represents the daily
mean size distribution ±1 standard deviation derived from the inversion of Dubovik and King [2000]. The
thick vertical lines represent the size distribution derived at 0709 UTC and include an error estimate for
this single size distribution.
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[38] taerl=0.55 for the radiometric measurements detailed
in sections 5.2, 5.3, 5.4, and 5.5 lie in the range 0.42–0.52,
the smallest being from estimates of the direct and diffuse
components of the downwelling irradiance from the low-
level SLRs, and the largest being due to estimates from the
orbits. These measurements are in good agreement with the
taerl=0.55 of approximately 0.50 derived from the AERO-
NET Sun photometer site. The uncertainty in the aircraft
measurements of the aerosol optical depth varies depending
upon the method used. The optical depth from the downw-
elling irradiances at SLRs at 17 m above the ocean was
estimated by Hignett et al. [1999] to be uncertain to ±0.03.
However, in our case, the altitude of the aircraft was 380 m
agl, and there is additional uncertainty associated with the
aerosol optical depth below the operating altitude. Addi-
tionally the use of 10 min down-Sun and into-Sun runs
means that the aircraft covers a horizontal distance of some
60 km and the spatial homogeneity of the aerosol over these
distances cannot be guaranteed. Thus, we estimate an
uncertainty of at least ±0.05. taerl=0.55 for the orbits is
subject to uncertainties in the measured radiances, and
uncertainties in the aerosol optical depth below the level
of the orbits (1000 m agl). However, the uncertainties in the
aerosol optical depth below the orbits are corrected for by
assuming the aerosol extinction profile is similar to that
shown in Figure 4b. There remains some uncertainty in the
aerosol optical depth below the aircraft operating altitude
which introduces an estimated uncertainty of some 3% in
the derived taerl=0.55. Investigation of the sensitivity of
taerl=0.55 to the lack of inclusion of particles with radii
greater than 1.5 mm suggests that this contributes an
uncertainty of approximately ±0.03. Additional uncertain-
ties in the absolute radiometric calibration of the SAFIRE
channels leads to an overall uncertainty estimated as ±0.07.
taerl=0.55 = 0.46 obtained from measurements of the
upwelling radiance has an estimated uncertainty of approx-
imately ±0.05. This value is obtained somewhat subjec-
tively by examining the spectral consistency between the
observed upwelling radiances and the modeled upwelling
radiances for different optical depths. The error in this
estimate will be significantly smaller over ocean regions
where the variability of Rs is reduced and will be the subject
of further research.
[39] The main conclusion to be drawn from the compar-

isons of taerl from aircraft measurements and the AERO-
NET site is that the radiometric measurements and in situ
measurements are generally in good agreement, although
the method using the PCASP gives a significantly lower
taerl. The errors in this in situ sampling method evidenced
by the inconsistencies in the derived taerl are significantly
larger than those obtained from radiometric measurements.
[40] The aerosol size distributions derived from the

Dubovik and King [2000] retrieval are essentially identical
to those derived from the PCASP over the optically active
0.1–1.0 mm radius range when the variability/estimated
errors in the measurements are considered. This suggests
that although the PCASP may not count the total number of
aerosol particles sufficiently accurately, the size distribution
is well represented. It also suggests that the retrieval
algorithm of Dubovik and King [2000] does an excellent
job of determining the aerosol size distribution when the
aerosol is well mixed in the vertical.

[41] The refractive indices derived from filter measure-
ments and the nephelometer and PSAP suggest a refractive
index of 1.54 � 0.018i and a wo of 0.89 at a wavelength of
0.55 mm. These refractive indices and wo are in excellent
agreement with those derived from the retrieval algorithm of
Dubovik and King [2000].
[42] To conclude, the agreement between the Sun photo-

meter and aircraft measurements of optical depth, size
distribution, real and imaginary part of the refractive index,
and single scattering albedo are good. This consistency
between the independent aircraft measurements and Sun
photometry measurements increases the confidence that
both airborne and surface-based Sun photometry methods
can be used to assess aerosol physical and radiative proper-
ties accurately. This suggests that data from Sun photo-
meters should be used in assessing estimates of the radiative
effect of aerosols from satellite sensors and GCM modeling
studies when the aerosol layer is well mixed in the vertical.
The performance of the Sun photometer retrievals when
aerosols with different optical characteristics exists in differ-
ent vertical layers is the subject of ongoing research.
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